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GRAIN  lOOMDAIY  DITTOS IOH  IN  OXIDU  AND  ITS  CWmifOTION 

TO  OaOSATICN  PtOCUSU 

A.  Atkleece 


Abstract 

bpwiuntil  date  for  tba  preferential  dlffaaioo  of  species  aloof  train 
boundaries  in  oxidea,  relevant  to  oxidation  files,  ara  briefly  reviewed  and 
discussed  in  teres  of  the  likely  etonistie  processes  respaoslble  for 
dlffusloa. 

The  date  are  then  us  d  to  as  boss  the  contribution  of  train  boundary 
diffusion  to  oxidation  processes  sack  as  file  growth,  tbs  distribution  of 
lnpurities  and  the  influence  of  iepurltiea  on  fila  growth  u  the  oxidation 
of  nickel  based  systees  (Ni,  Nl-T,  Ni-Ce02,  Nl-Cr). 
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Tstrodectloa 

^  Orals  kHMultt  ami  Hslaeatiama  an  pMntitl  rente#  far  rapid  (or 
alarttiKilt)  diffusion  la  erymtalltma  materials  because  than  la  —ally 
greater  (iaorlar  la  tfea  awaapmt  of  ataaa  vlUla  these  rag  fa  than  la 
Ha  Mk  lattlee.  (Canwnraaly,  ta  aatarlala  (kick  kan  ‘Uglily  disordered 
talk  lattices,  grata  bmmadarlsa  emd  dislocations  will  aot  aataaaa 
traaaMt;  lafcil,  (toy  aay  awes  ratal  It.)  Tta  nUtin  lapartaaca  of 
start  •dflrcmlt  transport,  eeapered  te  talk  lattice  transport,  will  generally 
ta  praam  far  laamv  tamperatmr am,  saallar  grata  alaaa  a mi  aatarlala  wklek 
taa4  ta  caatala  lor  aaaaaatratlaaa  if  lattlaa  4a facts .  Ttaaa  caartitloaa  arm 
all  lammi  la  aal4a  fills  growing  aa  carraalaa  raa latent  alloys  la  tarries 
renditions.  It  la  therefore  to  ta  u^wetaf  that  aaay  of  the  key  processes 
wklek  involve  aatarlal  transport  la  amide  fltaa  will  ta  coat rel  1*4  ky  abort- 
circuit  diffusion  alesxg  grala  taaaiarlaa  aad/ar  Ale  locations, 

Tta  aaat  akrloaa  promote  wklek  la  likely  to  ta  controlled  ky  start- 
el remit  diffusion  la  tta  rate  at  wklek  tkc  owl 4a  file  grows,  ky  aetal  loaa 
41ffmalag  omtwar4a  aai/ar  aal4a  iaaa  diffusing  lawar4a.  tat,  there  are 
sawaral  attar  I apart erf  prooaoooe  taklag  plaea  4arlag  oxidation  which 
imwalwa  aatarlal  traaoport  ami  they  arm  all  pataat lolly  Interdependent .  For 
example,  tta  aictoeCrmetmro  la  tta  flla  will  dapand  oa  tta  flla  •  owth 
aaekaaiaa  wklek  will  la  tara  hptsl  aa  tta  ateroatraetara .  This  v» 
particularly  aa  la  alloy  aal4atiaa  wkarm  tta  loaatioa  of  alloyiag  aliments, 
wklek  earn  laf looses  diffusion  aa4  aal4o  grain  a lea,  is  controlled  hy  the 
diffusion  of  tta  alloyiag  aloaaats  la  the  oal4a  flla.  Tta  goaoratlon  of 
atxooa  la  a  growing  flla  aay  also  ta  diffusion  controlled,  a.g.  ky  tta 
reaction  of  motel  lone  asd  ami 4a  laaa  diffusing  la  opposite  directions 
within  t ft j  flla.  Tta  raapaaaj  of  tta  flla  ta  ttaae  trusses  can  also  ta 
datarminud  ky  dlffuatsa  seat rolled  craop  praesaass ■  Finally,  tta  ability  of 
aa  amide  flla  ta  protest  tta  natal  free  attack  by  wore  egyreeetwe 
seas tl (meats  in  the  eawlroaasat  (a.g.  smlptar)  aay  also  ta  determined  by 
dlffmsica. 

In  O'dsr  tn  asaeos  tta  ccBtrltatieu  that  start -cl remit  dlff melon  can 
asks  to  such  processes  it  Is  clearly  nec  :seery  ta  knew  tta  nagnltmde  of  scan 
key  short-c lrcmlt  dlff ms lea  coeff lcloats  and  how  they  aay  be  Influenced  by 
other  paraaetero.  la  partlcmlar,  it  wamld  ta  msefwl  to  know  eta  sbort- 
circmit  diffmsioa  coefficients  of  eons  aetale  aad  oxygen  la  Important 
oxides ,  taw  they  ere  Influenced  by  lapmritiea  aad  wkal  atonic  processes  sre 
responsible.  Seas  of  ttaaa  goals  tame  new  tana  achieved  for  HtO.  which  is  e 
convenient  model  aster  lei  far  ealdee  which  grew  ee  cerroeloa-reslctent 
fllae.  Tta  ala  of  this  paper  la  to  shew  bow  swell  an  approach  can  be  weed  to 
try  end  Improve  wader steading  of  none  oxidation  processes .  Ve  first  survey 
briefly  what  is  currently  known  etaet  abort-clrcel t  diffusion  (swlf 
diffusion,  imparity  itiir-jim  sad  iaflesoes  at  ispwritijs)  In  oaides  and 
then  we  apply  tkls  tw  seas  oxidation  processes  involving  N10.  These  are 
growth  rate  off  NtO  fllae,  jrtTtk  rate  end  aicraetructwre  of  N10  oh  r,#0-- 
coated  Mi  aad  tta  oxidation  rate  end  alcroetrwctwre  of  dilute  Ni-Cr  and  Ni-Y 
alloys. 


grain  boundary  end  Dislocation  Diffusion  in  Oxides 


Bata  far  self  diffusion  eleag  start-circuits  In  oxldws  have  been 
reviewed  la  a  member  at  recent  articles  (1,2,3).  Tta  evslleble  experiasntsl 
data  arm  mat  extensive,  tat  they  ere  emfficleat  far  sons  detailed 
observations  ta  be  node  far  N10  aad  eeas  toots t 1 vs  generalisations  extended 
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<•  atka«  ~'idaa,  Uu  fi*r  Utli  Ni  Ml  3  dlff—laa  ala*  dialaaatlaaa  m! 
irti*  teatirlt*  (a  WO  ara  pc— tad  la  Tie-  1  t— parad  wltk  Ua 
caggaap— Wat  UttlM  dlffaai—  caafficlaata.  la  tka  saaa  at  grain  koaadary 
dlffaai—  tb  aataal  pnra—tar  —a— rad  uptriaaiuUy  la  tb  pwtat,  D'S, 
af  tb  fra  la  babktjr  Itfhiba  conflict— t  ant  babery  vldtk.  la  tka  eaaa 
U  dialaaatlaaa  it  la  tka  am a  para— tar  maaaarai  tor  a  law  aogla  hialiry. 
If  tka  aaaa  aapaaatim  at  ilalaaatiaaa  la  tka  law  <a|lt  kaaadariaa  _a  kaawa 
tka  tka  paraaatar  Dja2  aaa  ka  Oadaaad,  akara  P.  la  tka  dialaaat—  dlffaai— 
MiKUiMt  aad  a  la  tka  aff— tl—  radlaa  at  tka  dialaeati—  aaa— lap  It  ta 
ka  pv—lMtal  aa  a  ayliadrl— 1  rib-  Far  aatlaatia—  tf  —  tar  la  1 
tf— apart  tkara  eaWab  paraaatata  art  tka  nlmat  aaaa.  law i at ,  la 
aria*’  ta  —apart  aataal  iiltalaa  aaaf f lclaota  tka  aaa—  trieal  pare— tara  t 
aal  a  a— t  alaa  ka  matrW.  lapariaa *rta  aaaa  kaaa  carriad  awt  (3,4)  ta 
aktala  a  raagk  aatl—ta  at  I  ami  a  at  a  a  lag]  a  taaparatara  (la  tkia  eaaa 
appraalaa taly  *00*C).  Tkaaa  aaqparlaa ate  aka— 4  tkat  katk  tka  widtk  of  tka 


TCC) 


Titan  1  -  Ptffaa <—  eaa fflcl— ta  af  Nl  ami  0  la  tka  laitica,  in 
diala— tia—  and  alaag  grata  kaaadarlaa  la  NIO.  Tka  osygaa  praaawra  wai 
k  a—  far  IH  diff—  1—  aad  0.2  ata  far  0.  Tka  tlalacati—  dla— tar  and 
grata  ka— ry  widtk  ka—  katk  ka—  a— ad  atpa 1  to  I  —  (4,3,13,14) 


fttli  hoandsry  and  th*  4U«Ur  of  tki  on  lypnilcaU^  1  w  la 

M10.  Thus  the  faet-dlffenlvity  nelaa  It  MmtUlly  confined  to  tkt  mm 
of  the  bo nitty  «  mi  mo  sifcslf leant  cwtrlMln  It  nods  bf 

cIm  ifM*  ekr«*  n|l«  which  tomomim  the  boundary  In  itsle  materials.  Ia 
Tig.  1  it  luu  tknfm  Wm  — — 4  that  )  ■  It  ■  1  m. 

These  it ta  UlMtfita  Hm*l  (iitmi  of  short-circuit 

First,  iUImtliM  mi  grain  bsaaiarlss  trm  «ery  ilailir.  Tki* 
it  te  bo  appeared  liM*  thasrstlcal  made It  of  grata  boundary  rfrecturas  eke* 
atomic  configurations  (kick  ara  similar  ta  tkoae  pitilctti  tor  Isolated 
ililsMtiaa  (4,7).  ftstm 4,  tks  diffeslvltiee  of  kotk  natal  am i  oxygea  r.xo 
nbrnrud  ia  tks  boundary  vitk  raopact  to  tka  corresponding  lattica 
iiffwMUN,  kat  tbalr  relatlva  order  ia  neiataiaed,  i.c.  tka  footer 
dlf faeer  ia  tka  lattica  la  alao  tka  fseter  ia  tka  koaattfary.  Third,  tka 
degree  of  aakamsamaat  cam  ka  very  groat  (a  frctor  of  1C*  ia  t/pctal)  aad  tka 
activation  energies  for  akart-circsit  diffaaioa  ara  aigaifieaatly  lower  tkaa 
foe  kalk  dlffaolea,  as  sunnarteed  ia  Takla  1. 

Takla  1.  Actlvatlcn  laornic*.  Q(oV).  for  Praia  loeadnry 
Uilmiom  ia  Mi6  tli) 


Experiment  . 

Calculation 

Sb  Q*  TJ? 

Nl  Diffusion 

0  Diffusion 

1.78  2.56  0,70 

2.S  5.6  0.45 

1.6-2. 2  2.*  0.3-iy.3 

2.5  5.3  0.47 

Tka  iaflaoaca  of  grata  kenadary  nlaorlaatatidn  on  grata  boondary 
dlffaolea  la  aot  well-established  ia  oaidaa  (or  ia  natals).  Tka  data  Cor  N1 
ia  NiO  skew  tkat  there  la  torn  diffaronea  between  'lav  mU'  and  'high 
aagla'  twali.'lit  and  OwaUek  and  Ctakicaa  (8)  okovod  tkat  Cr  diffaaioa  in 
(100)  tilt  koandariaa  ia  HgO  incraaaod  witk  tilt  aagla  as  expected  for  a 
dialocatioa  nodal  of  attb  koandariaa.  lapariaaata  of  this  type  kara  boon 
nock  nara  oatonolva  in  natal* .  bat  here  not  produced  conclusive 
raaalta  (2,9).  At  praaant  It  appear*  that  grain  koandary  diffaaioa  in  noat 
high  angle  koandariaa  to  not  aonaitin  to  koandary  aiaorioatatiofi  oxcopt  la 
acne  apacial  caaaa  sack  aa  tka  (lTl)/(011)  cokaroat  twin  koandary  in  fee 
■atoriala.  (Ia  this  notation  tka  first  ladax  is  tka  koandary  plana  and  tka 
a a* and  tka  dlractlaa  a knot  vfcieh  tka  too  crystals  k  t  boon  aymatrlcal  ly 
tilted.) 


Although  thora  ara  no  direct  experiueets  which  allow  tka  me kin 1  mi  of 
grata  koandary  (or  diolocation)  diffaaioa  to  ka  identified  tkore  1*  now  a 
body  of  indirect  awl dance,  from  both  experiment  and  theory,  to  support  the 
concept  that  a  point  defect  ia  1 a wo 1 wed  which  is  ainllar  to  •  lattica  defect 
(a.g.  vacancy  er  interstitial).  Ia  N10,  aa  Increase  in  oxygen  activity, 
a»  ,  leedw  to  aa  increase  la  the  concentration  of  vacant  Ni  sites  and  hone* 

an  Increase  ia  the  lattice  diffaaioa  coefficient  for  Ni .  It  is 

feand  (A, 5)  that  grata  bouufery  and  dislocation  diffuses  of  Nl 
inareaaaa  ia  a  similar  way.  This  nay  be  exelalned  if  grain 
diffusion  of  Nl  in  WO  elan  occara  by  a  nickal  vacancy  when*  con* 
and  mahillty  la  greeter  ia  tka  boundary  tkaa  la  tka  lattica.  81* 


also 

ia  NiO 

ry 

eetratlon 

itlar 


sla 


aloe  been  reported  for  Cr  diffusion 
tea)  ia  CtjO,  (10). 
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dialocatioa*  (as  low 
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Ikll  M*Mft  1 *  wppirf  <  ky  tkMntlMl  IttdlM  »f  tkt  ItTMttn  Mi 
fwpirtUi  of  ptli  kaaaiSYAac  If  MO  (7,11)  Mi  ililMitim  U  l%0  (12) ■ 
IlM  saUalatai  itmtm  t(  tki  (310)/ [001]  M.l*  tilt  kmluy  It  MO  is 
skaoa  nlitrtlully  la  Tig.  2  (11).  Ik  itiwtm  ku  ntUtlnljr  «ya 
iImmIi  finllil  t*  tkt  tilt  Mis  Mi  assy  ilffaaiM  iltat  UU  direction 
i*  tkat  MfMUi.  Bt*-,  Mi  Tltktr  1mm  ulnltUi  tkt  Mtr|ltt  rtfrirti  ta 
(tn  lifutti  (Igj",  Vg  0."  Mi  1)  st  mlow  ilUt  la  a  lapis  kMlulM 
of  till  type.  Kit  (Mi  tkt  ta  all  tka  ksMiarlsa  ikick  tkjf  coMliarei 
ikrt  wu  always  a  aits  amllikla  far  sack  isfsct  la  tka  koaaiary  vklck 
raiaaaA  tka  awn t  •*  faraatiM  af  tka  kfttt  vitk  respect  ta  >» 
lawaapaailjg  talk  lsttlaa  defect.  Far  aaanpla,  la  tka  utt  of  tka  alekal 
as  a  May  ita  asst  stakla  laaatiM  la  tka  kaaaiary  akova  la  Fit.  *  1*  tka 
alts  airkai  A.  Iky  a  tail  si  tka  grata  kaaaiary  ilf  faaloa  process  hy 
calealstlj*  tka  laaaat  aaargy  patk  a  Mlgkkaarlag  alekal  loa  caali  taka  to 
aaaa  tka  oaeaary  ta  tka  aaat  aits  claag  tka  kaaaiary.  la  tkla  'Maple,  tka 
aaat  alto  la  labelled  •  aai  tka  yrailctei  ilffaaloa  path  la  tka  carve 
llaklag  A  aai  •.  A  alalia*  Jaap  asoaa  tka  vscaacy  to  tka  aaat  egalvaleat  A 
aits.  Ikia  aalaalatlM  aas  aarrlai  oat  far  M  ilffaaloa  aloag  foar 
ilffaraat  kaaaiarlea  ky  a  vaaaacy  aaakaalM  aai  for  0  ilf  las  1m  aleat  a 
aiagla  kaaaiary  ky  m  Inters; it la Icy  aaakaalM.  Tka  r Ma Its  ara  aaaMrlaoi 
la  Takla  1  aai  tayiril  vitk  tka  aaaaarai  activation  aasrglaa  for  Mi  aai  0 
grata  kaaaiary  ilffaaiM  la  K10.  Tka  agraawMt  katoeea  tka  aaaserei  aai 
cclcolatei  veleea  la  vary  gaoi,  kat  My  ka  fortaltoaa  consider lag  tka 
aypraalMtiaM  aai  aar arts  1st  1m  lavalvsi  (yarticalarly  for  0  ilffaaloa). 
kaaavar ,  ka  preiictei  ratio  of  tka  actlvatiM  SMrgiaa  for  grate  koaaisry 
aai  lotting  ilffaaloa  la  also  la  vary  gaoi  sgraaMst  vitb  tka  axperlMstal 
valao  far  both  Mi  aai  0,  aai  tkla  skoal i  ka  1ms  aaaaltlva  to  error*  tksa 
tka  akaalvto  vs las .  Of  aacaaolty,  tka  calealatloaa  oars  only  csrrlsi  oat 
for  a  fa*  kigkly  aynaatrlc  kaaaiarloa  aai  a  llaltai  rsagn  of  roasikl* 


(3101/10011  NiO  till  bounder y. 

Figaro  2  -  CslcaieSai  atractara  of  tka  (310)/(00t)  3*. 9*  ■yoaotricsl  tilt 
kaaaiary  l»  Ft*)  akaolag  tka  patk  tskM  ky  a  aicks)  Ion  during  its  easy 
ilf faaloa  parallel  ta  tks  tilt  axis.  Tka  laas  aro  not  or.vn  to  rssllstlc 
rolatlva  tlas  (11). 
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ilffaaiaa  pethaaya.  iwwtttlwi,  tlM  htrad  yiwrt  with  tte  mww< 
Mlf-^U/fw  iw  prepartlna  tl  am  gcaml  kaviulw  i*l(li  «*n  pcMMt  U 
the  pal^initell/M  (pMlMi  |1«M  m^14mm  la  eateeilag  Uli  ipynnti  ta 
tlM  pnilctiM  ml  Mkr  pc  apart!—  rf  grata  liadarlx  (nidi  m  tk 
kkirlwr  rf  t  ~ jragatail  lapirltiM):  at  laaat  at  a  gaelitetive  tml. 


11m  ilffaaiaa  W  Os,  Cr  aai  Oa  la  N10  grata  beaaieri—  la 
palyerstalliaa  MO  speelaaaa,  alallax  u  Umm  aani  far  —lf-ilffaalaa 
ctaiine,  has  raaaatly  tea*  atallrf  (If).  Thane  laaa  ara  napes tei  ta  ka  li 
charge  atataa  Or*,  Cr**  aai  Oa**  aai  thsrefasa  represent  a  raaaaaakla  etnas 
acetic*  mi  Inparlty  he  he  cl  far.  Far  Margin,  they  ilffar  widely  la  tkalr 
aalaklllty  aai  aagragatlaa  akarac tar latlaa .  Oa  la  ceapletaly  snlahle  la  tk 
NIO  lattlaa  aai  akaali  art  segregate  appreciably  ta  grata  kaaaiarlaa.  Ca 
kaa  negligible  lattlaa  aalaklllty  aai  will  ilaaalaa  aaly  at  greia 
kaaaiarlaa.  Cr  (alia  hetveea  tkaaa  extras—,  having  slight  lattlca 
aalaklllty  aai  appreciable  grata  haaaiary  aagragatlaa  (li). 

Tba  aaaaarai  grata  haaaiary  ilffaaiaa  eaafficiaata  ara  lanarlirf  la 
Fig.  3  tagatkar  vitk  tka  ranraay  ad  lag  lattlca  ilffaaiaa  eaafficiaata  where 
agyrayrlata .  la  tka  aaaa  rf  Oa,  it  kaa  taaa  aaawaai  that  aagratfatlaa  ta  tka 
haaaiary  la  aagllgikla  aai  tkwt  tka  kaoaiary  vlitfc  la  tka  ww  aa  far  Ml 
ilffaaioa  (i.c.  1  aa).  ka  amm aaptices  wara  aaeaaaary  Ca  a lac a  it  la 
laaalakla  la  tka  NIC  lattlaa  aai  tkarafrra  lta  iiffas.ic  :  .•jefficiect  la  tka 
haaaiary  la  aaaaarai  ilractly.  Far  Cr  tka  aaparlaaatt  wara  aaalyaai  la  a 
way  lilek  ailawai  tka  aagragatlaa  aai  ilffaaiaa  aaotrlbwtlaaa  ta  ka 
separated  la  a  —  If-c— slateat  way  (agala  laaarftg  I  •  1  aa).  Tka  ilffaaiaa 
eaafficiaata  ara  la  tka  arier  Bu_  >  ILi  >  V_  far  ketk  lattice  aai  grata 
haaaiary  ilffaaiaa  (aa  eaaperiaea  caa  ta  aaaa  fat  Ca  kacaaaa  af  1U 
aagllgikla  lattice  aalaklllty),  titlak  ratal  ara  aa  the  vlaa  that  grata 
kaaaiary  aai  lattlca  ilffaaiaa  katk  tafc*  plena  ky  a  aiallr  aachaalaa.  The 
atcalc  ekaractarlatlca  that  eeatral  iaperity  ilffaaiaa  ara  aat  aaiaretoai 
area  for  lattice  ilffaaiaa  (17),  hat  laaic  charge  la  obvlaeely  laportant 
■lace,  la  genaral ,  ta#  klgaar  (it  charge  oa  (ha  ioa  tka  ware  a  lowly  do#*  ii 
taai  ta  iiffaaa. 


Tka  laflaaaca  of  laaarltlaa  .a  Salf-Olffvaloa 

Tka  layer  It  i  which  latleeace  t«alf-ilf  faclcc  in  tha  lattlca  seat  art 
thoaa  which  hew*  a  differ.st  valaacy  t«  tea  heat  Ions.  Tkaa  a  trlvalent 
aabstl tat  local  faperltv  t*  i  diva  .'eat  a— t  waali  ha  expected  to  lacraasa  tha 
comcaatratloa  of  oppesic.*' ;>•  ..barged  iofocta  (c.g.  cation  vacant  iaa) 
lU.ently,  several  attinp**  have  N— a  acio  to  etewy  aach  doping  affacta  on 
grain  boeadary  ilffaaioa  la  Ml  at.  Chaiwlck  and  Taylor  (It)  aaasureC  th« 
ilffaaiaa  of  Ml  in  N10  g'tia  hoaaiarloa  dtpU  with  Co  Inpur  it  lee.  The 
polycryatalllaa  speelaaaa  wara  prodeced  hy  oelilnlag  NI  in  a  tiallar  way  to 
those  anai  hy  Athlaaaa  aai  Taylor  (5)  a.i  waro  doped  by  applying  a  CaOj 
coating  to  tha  ni  ha for a  oxidation.  They  found  that  tha  presence  of  Ca  had 
no  offoct  on  grain  boaniary  dlffwaion  of  Ni  tracer. 

Wanes  at  al.  (If)  haws  taper tsi  siallnr  axparlaanta  parforaai  on 
T-iapai  palycrTatalllaa  NIO  pcai acai  hy  aalilaiag  Ni-f.t  wt.%  T  alloy.  They 
ceacleici  that  tha  [wtimt  af  tha  yttriaa  had  no  tignlf leant  Ir.flwaoce  on 
tha  grain  haaaiary  diffusion  af  Ml.  Far  tha  rear  a ,  their  mult*  on  both 
uaiapai  tat  T-iapai  epaciaaoa  wara  la  goal  agreeaent  vitn  tha  earlier  work 
af  Athlaaaa  tad  Taylar  (S)  aa  aaiapwd 
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W*w»  i  “  Olf fMlN  COOfflClOOta  tor  MM  lopultltl  1*  N10  JIlU 
tiMllliM  (at  Ml  imw  pmm*  of  <  a  to)  mopifta  with  tbo  corraepondlng 
lottleo  dlffaalwltloa.  The  hooadary  width  hu  hooa  iciim!  aqua  1  to  1  no 
•Ml  Co  kM  Immm  ill— il  to  ho  wo  aogUglblo  bnoaliry  aggregation  (15) . 


IWUt  thooo  etadiwo  of  Co-  and  Y-dopad  Htirlili  ipytir  to  ihow  that 
grata  hooadary  diffoalea  la  sot  aaaaltlwo  to  layorltlaa,  thara  ara  othar 
lagiri—aata  which  indicate  Joat  the  appeal to .  gnporioaata  in  which  HI 
dlffaaloa  hoa  hooa  atadlod  aloag  aingla  hooadarlaa  la  N10  blcryotale  (20) 
hooa  indicated  that  iaporltloo  aach  ••  Ca  aad  S 1 ,  which  hawo  loo  lattice 
••lability  aod  aagragita  atroagly  to  tha  haoafary ,  can  wither  aoppraaa  or 
•®baaoa  grata  heoadary  dlffaaloa  dopoaf lny  on  tha  way  in  which  tha  lapo'lty 
la  lagrrptad  at  tha  hooadary .  Nora  rac<  '  ly,  wo  hawo  attaoptod  to  aaaatiro 
tha  dlffaaloa  of  hi  ilaag  grata  hooadar l «• .  in  Cr-dapif  polyeryiUtliM 
hlO  (XI).  Tha  apoclaoaa  which  taro  wood  woro  ago  la  progiiid  by  oaidatlon  of 
hi  allay  (hi  0.1%  Cr)  at  1100*C.  SUV  aaalyoli  rawoalad  that  tha  Cr/Ni 
ratio  la  tha  ootar  part  of  tba  fila  wi  a hoot  0.09V  la  thoao  apoclaona  tha 


Or  4 

tk*t 


epaat  MmM  hv  *f  tft*  bMtelM  u  Ni  4ftaai«  fcmm,  Umm 
«m  mi  MM^Utaljr  hi caked  M  «  Iwu  OffMtvttj  far  111  tkaa  aadogad 
IimImIm  m  UIImMI  la  Fig.  4  !W  Itu  la  VI#.  4  ikn  tkt  Cr  ieylag 
IMWMM  Dm  lUfMlvitr  W  HI  la  U  .  UIUm  (m  aiytm<  free  Dm 

*ba  llffwlalty  of  IH  la  trail  beaadrxiae  (far  teaparetaraa  'below  9M*C). 
la  tka  llfkt  cf  theca  nyarluta  it  aaaaa  teeeaaahle  ta  fMtlaa  whether 
th*  fccaadarfea  la  tka  Or-  amt  T-4scod  egaelaaao  aara  really  doped  aa 
eapasted.  Oar  aaa^U,  4mm  at  al.  (19)  Hunt  tkat  preelgitatlaa  af  tka 
T  rtapaat  atjr  ka  tka  raaaaa  far  Ita  lack  af  laf laaaaa  aa  grata  biiaadiry 
llfK.  iaa  la  chair  caper  iaeate. 


T  |*CI 


Figaro  4  -  Tka  lafloeace  of  Cr  doping  (approxlaatsly  (MX)  on  the  diffusion 
of  Ml  ta  tbo  lattice  sad  along  grata  boaodarlos  In  N10.  The  Ni/Cr  ratio  on 
tka  grata  I  reader las  is  satlaatad  to  bo  aboot  21  (21). 


f  la  swaaary ,  tborofaa,  tt  appears  that  contradictory  rssuits  hava  baan 


blocked,  pmLM  th*v  th  lapurity  tonwmtlo  it  sufficiently  ki|k.  It 
mom  ot  thw  txpMrianul  a  twii  as  referred  to  ban  tot  it  been  potrlkli  to 
iinctly  Murrj  tba  CMtutritiw  of  iopMt  ot  tM  kowiuy.  loom,  it 
11m  taw  of  Cr  the  coar«itntioa  ctt  bo  ltfarrat  fni  tha  balk  cooeontratioo 
tad  tka  knot  Mtr*|atioa  m  >(fkiait  of  Cr  (15,1*)  t"  tka  taopwrsture  at 
which  tka  spaclam  nm  lakiaatod  (11U4C).  k  j  Saaia  tka  Cr/Hl  ratio 
iii  tka  kaaada^ar  it  tiaaa  axyariaaata  la  aatitr  «d  to  ka  ateat  21.  Thin 
«H  ufaratly  nfficltat  ko  block  Ni  diffialot,  or  alow  it  dowe  as 
ladiAitod  is  Fig.  4. 

tka  aechanlsa  by  ikleh  a  cation  iopurity  with  a  charts  greeter  chan  tka 
boat  ratios  cca  increase  1 attics  diffaaioo  of  tbs  boat  bat  dscrsiM  grain 
toadtry  dlifaaloa  can  bo  crwalttatively  nadorstood  with  gaidaace  froa  tba 
aodolllag  stadias.  Daffy  sod  Tssksr  (1!)  hsv«  oodsllsd  tba  babsvioor  of 
aobatltatioaial  Co**  leas  in  tba  (31A)/(00l)  tilt  boundary  in  NiO.  They 
predict  that  altbough  tba  Co**  isos  will  ba  compensated  by  an  incraasad 
coacoatratioo  of  nicks 1  vacancies  thara  art  strong  inter set ions  batwaan 
taasa  oppositely  charged  defects  in  tha  boundary  which  favour  the  formation 
of  (Coh<  *,  Vw,'),t  pairs  and  largar  ordarad  arrays  of  defacts.  Tha 
activation  easrgy  for  tba  Ca  and  vacancy  to  axe.iange  la  astiaotad  to  ba 
5.0  oV  wtoress  that  for  r>i* vacancy  exchange  in  tha  teas  boundary  is 
estimated  to  bo  l.M  aV.  This  difference  la  in  agreansnt  with  the 
experimental  observation  that  grain  boundary  d.iffualvlty  of  Ca  la  ouch  lass 
than  NI .  In  a  Ce-dop*d  Imndary  tha  c bar g«-c catenating  vacancies  can  only 
contribute  to  long-range  Ni  diffusion  if  they  can  aigrate  past  th« 
affectively  ianobila  C«**  ions.  Duffy  and  Tasker  estiuatc  that  tha  anargy 
required  to  do  this  is  2.S5  aV  which  is  not  only  greater  than  tha  energy  for 
vacancy  hopping  in  tba  undopad  boundary  (1.86  aV) ,  but  also  graatar  than 
that  for  vacancy  hopping  in  tha  lattice  (2.4  aV  by  tha  asoa  calculation 
Mthods).  Mines  tha  picture  that  eaerges  is  one  in  which  tha  nora  highly 
charged  relatively  I— obi la  inpurlty  ion  has  s  strong  attrsctlon  for 
vacancies  such  that  tbs  assiast  diffusion  path  past  tba  lcpurlty  is  by  a 
detour  through  tha  lattice.  This  process  is  illustrated  schanatlcslly  in 
Fig.  3.  Tha  concartratlon  of  inpurlty  which  is  required  to  block  grain 
boundary  diffusion  can  be  estioated  roughly  as  exp  (-AE^/kT)  whore  AE,  1* 
tbs  difference  batwaan  tha  sigratlen  anargy  of  tha  vacancy  in  tha  lattice 
aad  the  undoped  grain  boundary  (in  this  case  about  0.5  *V).  Hence,  at 
1000*C  an  iupurity  concentration  of  about  11  (cation  fraction)  would  ba 
expected  to  ulock  Ni  diffusion  in  NIO  grain  boundaries.  This  is  consistent 
with  the  observed  affect  of  about  2%  Cr-doping  of  NiO  boundaries. 


A 


Jump  encrq ies  in  the  (310)/ [001 1  boundorv 


A  186eV  p 


C  ciicc 


Figure  3  -  Schanatlc  diagraa  illuatratirg  how  an  irpurlty  such  a*  C«"+  in 
subetitutioiu.1  altos  near  tha  boundary  plane  In  NiO  can  block  diffusion  of 
NI  at  tha  boundary.  Tha  labels  .  rrraspond  to  altas  in  Fig.  2  and  the 
energies  are  calculatad  for  exciuu.  Jtaaps  with  a  vacancy  batwaan  rhaae 
alt  la  (11). 
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flggfc  ggu  of  'Purs'  Oxides 

The  growth  rate  of  thick  oaide  fi>n  by  lattice  iiffuta  caa  ha  relate* 
to  the  self-dlff— 1—  coafficioata  of  the  oxide  aaiag  Wagner's  electro** 
chaoical  theory  of  widatiaa  (22).  It  is  fouad  la  practice  (22),  however, 
that  the  theory  is  wall*  oaly  for  wold—  that  have  largo  devictioM  froa 
atoichiaaatry  (o.g.  FeO,  CeO)  or  esaa  other  —idee  at  sufficiently  high 
taaporataro  (o.g.  NiO,  FaA).  Ia  aoot  caaaa  of  tarhaological  iwportaaca 
corrosiaa  is  relatively  slow  thick  —ana  either  the  iatereav  ia  ia  aero 
refractory  oxid—  (o.g.  CrjC,.  XrOj,  AljOj)  or  ia  leas  refractory  —ides  at 
lower  tiaparsturss  (e.g.  NiO,  FaA,  N«Oj,  Ci«0).  Under  theae  conditions 
it  ia  found  that  Wcgaer's  theory  haaed  ca  lattice  diff— 1—  always  wader'* 
estleetea  the  oxidati—  rate.  acMtiMS  hy  aaay  orders  of  aagaitedo  (22). 
This  la  aa  lop octant  piece  of  indirect  evidence  for  the  doninaat  role  of 
short-eirceit  dlffectea  paths  daring  the  grovth  of  'pure'  os Idea .  (Aa 
alteraetive  rational iaatioa  eoald  he  that  fast  diffusion  la  refractory 
Mteriala  and  at  low  tanporatares  is  canoed  hy  iapurltlea  increasing  lattice 
dlff— ion.  Whilst  laparlties  undoubtedly  have  had  a one  laflaence  or  the 
oxidation  studies  they  are  net  the  —la  ca— e  of  faat  dlff— i—  heca— a  the 
purest  eaide  filns  grown  la  enidatlea  experl— at*  contain  fewer  layer itles 
than  the  oxides  ia  which  dlff— 1—  stadias  have  heea  errled  oat) .  Further 
indirect  evidence  for  abort-circuit  dlff— ion  ca— r  iron  the  oheervetlon 
that  oxidatioa  rata  at  'lev'  t— perature  depemir  on  crystallographic 
orientation  of  tha  — tal  substrate  and  its  degrea  of  cold  working  (24,25). 
Such  dependences  are  not  predicted  by  Wagner's  theory  end  they  Indicate  thet 
the  oxide  cicroetructure  ia  lnfl— acing  the  diffusion  of  species  through 
it. 


The  — eaure— nta  of  grain  boundary  diffusion  In  NIO  have  been  used  (25) 
to  ahov  thet  the  oxidation  of  Hi  at  teaperatures  below  about  1100"C  la 
controlled  by  the  outward  diff— lor  of  Ni  along  grain  bousidarlss  In  the  NIO 
flla.  This  ia  auaMrised  in  Fig.  *  In  which  the  —  aaured  parabolic  rata 
constant  for  Nl  oxidation  (k_  ■  X2/'.,  where  X  la  filn  thickness)  la  conpered 
with  thet  predicted  froa  grain  boundary  diff— ion  data  for  Nl  In  NIO.  Grain 
boundary  diffusion  was  included  >,«  Wagner 'a  theory  by  using  an  efiactlve 
dlff— ion  coefficient  given  by 


D.ff 


Dj* 


2  iJL'iir 

s 


u) 


where  g  la  the  grain  sise  Ip  the  oxide  nor— 1  to  the  growth  direction.  Alan 
Included  In  Fig.  6  la  k_  expected  for  lattice  diffusion  alone.  It  can  be 
ooen  thet  at  the  lower  teoperatures  the  —aaured  k  ia  typically  105  tl— a 
greater  then  that  predicted  Iron  lattice  diff— ion,  but  within  about  a 
factor  of  2  of  thet  predicted  froo  grain  boundary  diffusion. 


The  direct  correspondence  between  oxidation  rate  and  grain  boundary 
dlff— loo  has  only  been  established  for  NIO  because  there  are  no  g;ain 
boundary  diff— Ion  data  for  other  relevant  oxldea.  Nevertheless ,  tne 
gem ral  conclusion  — y  be  tentatively  — de  that  the  growth  of  ale m  growing 
crystal line  oxldee  (k_  <  10~10  cn2  s”‘)  la  controlled  by  grain  boundary 
diffusion  in  the  oxidh. 


Oxidation  of  Nl-Y  Alloy*  and  CsO^-coatsd  Nl 

S— 11  additions  of  to—  ale— nta  to  an  oxida  file  are  known  to  have  - 
be— ficial  effect  in  Increasing  the  aa'  aranca  of  tha  oxida  to  the  —tal 
and/or  the  rate  of  oxidation  (ao-call'.o  'rare  earth  affect').  Typical 
effective  eleMnta  ot  this  type  are  Y  and  Ce;  particularly  in  tha  cass  of 
Cr20j  and  AljOj  fll— .  Recently  two  studies  of  this  pheno— non  have  been 
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uni«i  Mt  lit  NiO;  eh*  mUiIIm  of  liltto  Ni-T  cllnye  and  W  eMttl  with 
CaOg. 
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Figure  6  -  Arrhenius  plot  of  the  perebollc  rets  constant  lor  the  oxidation 
of  NI  to  NIO.  Solid  points  are  directly  Manured  values  and  open  points  are 
calculated  us lug  Mesured  grain  boundary  diffusion  coefficients  and  grain 
elaee.  The  solid  lino  la  the  rate  constant  expected  If  lattice  diffusion  of 
NI  le  the  only  diffusion  process  contributing  to  oxidation  (26,27,28). 


Oxidation  of  Nl-T  Align 

llooea  end  Rothean  (29)  Manured  the  rate  of  oxidation  of  NI, 

Nl-O.l  trt.X  T  and  Ni-O.3  vt.X  Y  allays  in  oxygen  at  a  preaaura  of  1  ate  and 
at  teeperaturea  In  the  range  50Q-900*C.  They  found  that  Y  lncraaaao  the 
oxidation  rate  at  500  end  600*0,  but  decreased  it  at  700-900'C.  The  ealn 
Influence  of  Y  on  the  eicroetructure  of  the  NiO  fils  was  found  to  be  on  the 
grain  slM  of  the  N10.  At  500  and  600*C  Y  reduced  the  grain  sice,  but 
Increased  the  grain  also  at  700-900*0.  rtcoea  and  icthatn  shoved  that  the 
different  grain  sIms  were  able  to  account  for  the  relative  oxidation  rates 
of  Ni  end  the  Nl-Y  alloys.  It  was  not  necessary  to  asauat  that  Y  had  any 
influence  on  grain  boundary  diffusion  of  Ni  which  'is  consistent  with  their 
dlffMloe  nasoreasnta  in  Y-doped  N10.  However,  this  behaviour  is  not 
consistent  with  the  theoretical  nodal ling  which  suggests  that  n  trivalent 
substitutional  len  ouch  as  Y3+  In  N10  should  bl»-ck  grain  boundary  diffusion 
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If  prMMt  an  tba  bowduiu  at  uffidutljr  high  countntkM  (a.g.  ikm 
•boat  IS).  Is  th*  ibMOU  of  detailed  alcroetrixtural  lmitl^etloM  It  ti 
not  Known  bow  tba  T  la  distributed  within  tbo  N10  file,  puticaUrljr  at 
train  boundarlwa.  Tint  it  la  poaaibla  to  roconcila  btfth  expectations  and 
obsarwatiooa  if  tba  ?  In  tba  flln  la  praaant  aa  relatively  large 
well-separated  T  tith  second  phases  aa  suggested  by  Hooce  and  BotHaaa . 


Validation  of  CaO^-coatad  HI 

Wban  CaO.,  la  applied  aa  a  thin  coating  on  ill  It  greatly  reduces  tba 
rata  of  subsequent  HI  oxidation  at  tanparatoraa  below  about  1100*C.  Tbla 
syatan  baa  boon  studied  in  considerable  detail  by  Chadwich  and 
Taylor  (30-32)  and.  note  recently  by  Moon  (33).  Tba  CjO,  in  tbaaa  studies 
waa  applied  to  the  HI  surface  aa  a  sol  coating  corresponding  to  a  CeO,  layer 
approxlaetely  0.1  pa  in  thicLnesj.  The  parabolic  rata  constant  for  NIO 
growth  la  reduced  considerably  by  this  treatment  aa  Illustrated  in  Fig.  7. 

At  700*C  the  rate  la  decreased  by  alnoet  two  orders  of  magnitude.  Tba 
nature  nlcroatructure  of  tbe  resulting  coopoelte  fllu  la  llluetrated 
achsmwtleclly  in  Fl;j.  8.  It  eonalata  of  three  distinct  layers.  Tbe 
outermost  columnar  layer  1?  almost  pure  NiO  with  a  grain  alae  ainilar  to 
that  of  an  undoped  NiO  fila  of  tha  aame  thickness.  Chadwick  and  Taylor  (30) 
were  able  to  detect  sons  Ce  at  grain  boundaries  in  tnla  outer  layer  by  SIMS, 
the  innerawst  layer  is  similar  to  the  outermost  layer,  but  not  aa  thick. 

The  alddle  lcyer  is  a  fine-grained,  two  phase  mixture  of  NIO  and  CeOj. 
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Figure  7  -  The  psrebollc  rate  constant  for  the  oxidation  of  CeO^-coatnd  Ni 
corpsred  with  that  of  pure  Ni  and  that  expected  for  NiO  growth  (win* 
controlled  by  lattice  diffusion  of  Ni  (30). 
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rt|«n  •  -  kkMttie  dia^r—  ikwlii  tit  Mtin  uicr— tructure  of  tW  —Ida 
fit— i  by  NUatiM  if  C*b|*c«*t«4  Ni. 


At  first  it  mi  tkM|kt  that  t—  MfiltiM  rat*  mi  (MtreUii  by  the 
Mt«r  layer  k.4  tke  the  Ca  ynant  or  (ilia  bo— da  ties  la  tba  —tar  layir 
a—  rs dee lug  grata  b—iary  diffusion.  lamer,  tba  tracer  diffusion 
c— ffici— t  ef  Ml  la  tbaaa  bo— dories  mi  fa— d  to  b*  tba  ■«—  as  la  —doped 
NIO  bo— darlai  (Section  2.3).  Further— re ,  Chadwick  and  Taylor  (31)  abomd 
coaclwlmly  (by  aa  —port— at  la  which  a  tapir  aactloa  throagh  tba  flla  vs 
re-—  idiiod)  tbit  It  la  la  fact  tba  alddla,  two  phase  layer  which  controls 
tbi  MCI  of  exidatl— .  (Ihii  obeervatlm  la  conalstant  vlt!i  tSa  diffusion 
axpa rlaaati  which  abomd  that  Ca  had  ao  affect  or  grata  ho— dary  dlffuci— 
la  tba  —tar  layer.)  lba  rata  of  — idati—  caa  be  acco— tad  for  If  It  la 
mow— d  that  there  li  ca  grata  ham  dary  diff— 1—  within  tha  two  pkaaa 
layer,  liace  tba  grata  aim  la  thla  layer  la  typically  aa  order  of 
SMgaltade  n— Her  thaa  la  tba  other  layari,  the  Inference  1*  *!»at  all  tha 
grata  bo— dart—  In  tba  alddla  layor  are  Inoperative  aa  fast  dlffuaon  path*. 
Chadwick  and  Taylor  (32)  alio  obaervad  that  tba  outer  layer  had  a  strong 
preferred  srlsststiss;  with  <M!>  dirsetises  parslle!  te  the  growth 
dir— tl— .  This  lad  tb—  to  propo—  that  the  CeOj  — y  laid  to  a 
.Kid— Iniaro  of  1—  dlffmlwlty  bo— dories  bowing  'apodal'  alaorlantatlon. 
Data  Had  utm  trwcturel  analysis  of  grain  boundary  geo— tr  lee,  however, 
rove* led  teat  there  wae  .to  aigniflcant  bias  t— arda  epec.al'  bounded**  in 
altbor  tba  alddla  or  —tor  layers  (32). 

It  n—  appears  that  tba  original  hypothesis  in  which  C*  at  NIO  grain 
boundaries  blocks  grain  boundary  diffusion  —  y  after  :'■!  be  correct.  Noon 
(33)  baa  carried  — t  a  coaprehanaiv*  aicroe nalyt teal  study  of  grain 
b— wderlea  In  (or  near)  tha  alddla  layar  using  CTTH  snd  has  found  that 
aim at  all  tic*  bo— darlae  In  this  ragl—  bam  Ca  at  their  corss  (Fig.  9). 

Tba  concaatratl—  of  Ca  at  tha  boundarlas  in  tha  alddla  Isyar  (assiaalng  A  • 

1  — )  la  equivalent  to  a  Ca/Nt  ratio  of  batmen  3  end  10%.  Froo  both  the 
theoretical  —dell leg  and  tha  obeermd  influence  of  Cr  on  Ni  grain  boundary 
diffml— .  Mil*  concentration  of  C*  is  expected  to  be  sufficient  to  block 
gr.iin  boundary  diffusion,  which  la  con  Blatant  with  the  oxidation 
wxperl— nte . 

We  —at  now  —plain  why  tha  Ca  —  tha  boundaries  in  ths  outsr  i*ysr 
dm a  not  block  NI  diffeslon .  There  appear  to  be  several  contributing 
factors .  First,  No—  baa  obeermd  that  — ly  about  one  in  four  of  the 
boundarlas  In  tha  —tar  layar  had  detectable  Ca  In  It .  Second,  the 
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of  Oa  la  •  Watoy  at  tha  eater  hv(«u  a#  the  (1U  la 
i  aaly  akaat  )K  mt  ita  unfni  «eSaa  (U  the  aiMla  layer) 

•f  tla  lw  |nia  kaatey  dlffaaiaa  coaffielaat  mi  Oa  (14) .  Third, 
of  Oa  at  grala  haaa dtrlta  la  tha  laaar  Uyw  la 
Ita  wUMUty  Halt  la  e«iil*hrin  with  UeO,  kaaaaaa  af 
mt  tha  Mil  OaOj  partieloe. 


faHiff  at  M1ir  BLflL  AUm 

Ml  allay  I—  add! tiros  a(  Gt  MN  laaraaaa  tk>  soidetlaa  rata 
feraiat  a  Cr-iap«d  MO  Ills  (M.SS).  This  la  aawelly  laearpratad  aa  heiag 
tka  raaalt  at  Or  Mln  lasraaalag  tka  M  waeoosy  aaaaaatratlaa  la  MO  aod 
kaaaa  tka  W  dlffaaiaa  aaafflalaat.  M  akava  akaat  UM*C, 

where  lattlaa  dlffaaiaa  daadaeeoa  aaak  a  daplat  offset  la  laioed  aaaalataat 
vltk  tka  M  dlffaaiaa  data  (H|.  4).  Oaaaaar.  at  laaar  taaperafse,  akaca 
grala  keaadary  dlffaaiaa  Miatn,  tka  laterpratatlea  la  aat  aa  straight¬ 
forward  far  taa  raaaeaa.  tint,  tka  aOUtiaa  mi  aaaa  aa  llttla  aa  O.it  Cr 
la  aafflalaat  ta  aaaaa  tka  faraatlan  mt  a  Aylw  111a  atraatara.  tweead, 
tka  dlffaaiaa  atparlatati  (Fig.  4)  iadleote  tkat  Cr  dea rawest  tka 
diffaelwity  mt  M  la  MO  frala  beaaderlee. 

■aaa  aaafal  lafaraatlaa  aaaaaralag  traaapart  processes  la  grewlag  fllaa 
aaa  ku  akfalaaO  kjr  segaaatlal  aoldetiaa  aalag  differaot  aaygaa  laatagwat 
aaaa  Ilf  *%>  fallowed  k y  iaaaatly,  aagarlaaata  mt  tkla  type  have  bees 

serried  aat  at  Rarwall  ta  mapars  tka  kakarlaar  of  'para*  N1  aat  M-0.1X  Cr 
allay  at  700*0  la  aMO—  (M)<  Oaaa  typisal  aaaaa  la*  of  laataaa 
Olatrlbatlaaa  la  tka  eaide  fllaa  aaaaaraf  by  fXM  aftar  segaaatlal 

aoldetiaa  ara  ycaaa «<atf  la  Fig.  10. 

Maa  'para*  alakal  aaa  acidised  aagaatlally,  la  ‘*0.  foil awed  by  l*0,, 
tka  kaaay  last  spa  aaa  faaaA  aaly  aaar  tka  aalOa/gac  iatarfaca  (Fig.  10a). 
Ikla  la  ta  ka  agpatttd  alaaa  flla  graatk  la  eeearrlag  by  tka  eatwsrd 
traaapart  of  M  tkraagk  MO  aa 0  aaa  eaide  salts  are  feraad  at  tka  aatar 
aarfaaa  of  tka  flla.  Tkara  la  Unit,  If  aay,  **0  la  tka  raat  of  tka  flla. 
sklak  U  slew  to  mm  t^Mfi  fraa  tka  law  dlff«si-lty  of  aside  loas  la  botk 
tka  MO  lattlaa  aai  grala  kaoaOarlaa  (Fig.  1) . 

Mmo  Ni-t,U  Cr  allay  waa  saldlsed  wader  tka  aaaa  coadltioaa  tka 
aar  aka  lit  rata  eaaataat  waa  akaat  a  factor  of  two  graatar  tkaa  tkat  of 
'para’  alakal.  Tka  IM  prwfllaa  tkraagk  tka  fllaa  akaw  tkat  la  tkla  caaa 
tka  diatrihotiea  of  lB0  la  wary  dlffsreat  (Fig.  10k).  4a  la  tka  caaa  of 
'para'  MO  tkara  la  aaaa  ‘*0  Incorporated  aaar  tka  onlde/gea  Iatarfaca,  bat 
la  addition  *%  :  %  alao  Incorporated  aaar  tka  oetsl/oxide  Interface.  Tkaa 
tka  fllaa  aa  kl- J. IX  Cr  grow  kotk  by  tka  sotwerd  traaapart  of  N1  and  by  tka 
1 award  traaapart  of  aaygaat  tka  aaygaa  traaapart  occarrlag  by  a  aackaalaa 
•kick  a 1 Iowa  oagllglkla  aaakaaga  of  aaygaa  wltk  tka  lattice.  Tkla  could  ba 
aitkair  a  direct  lataratltlal  defect  aackaalaa,  or  transport  by  0,  aolacalaa 
la  porta .  Tka  Cr  profile  akowa  tkat  tka  Cr  la  located  oaly  la  tka  laaar 
part  of  tha  flla,  which  la  to  ba  expected  fraa  tka  lot  diffwalvity  of  Cr  in 
bath  tha  MO  lattice  tad  grain  boaaderiea  (Fig.  S).  Tka  areaa  wader  the 
aatar  aad  laaar  1B0  diatr '.bwtleao  ara  la  tka  aaaa  ratio  aa  the  outer  end 
laaar  Midi  flla  tkickaaaaoa  (aa  dafiaad  by  tka  Cr  dlatrlbetiac) . 

Tkara fere,  tka  inward  aaygaa  traaapart  accoaata  coopletaly  for  tka  growth  of 
tka  laaar  layer  mt  tka  dapl**  flla.  Siallnr  observations  bare  baan  reported 
la  tka  oaldotlaa  mi  aaay  allaya  (13) .  Tha  1 award  aaygaa  transport  la  of tan 
attrlbatad  to  taygaa  grain  biiliry  diffwelea  tkraogb  tka  flla.  Tkla  is, 
hwooaar,  art  aappartod  by  tka  aaygaa  dlffaaiaa  aaaswraaaata  (Fig.  1)  wklch 
ladlaata  that  aaygaa  grala  boawdary  dlffaaiaa  is  oaveral  orda. •  of  aagnltuda 
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1 

X 


Oopth  (Microns I 


Ml  oxtdiood  SS  **Q,  ond  2h  **0,  ot  700*C 


Oopth  i  Microns  I 

Mi  0  1%  Cr  oxidised  5h  '*0,  ond  2h  '*0,  ot  700*C 

rigors  10  -  Sim  dopth  profl Iso  throogk  N10  filao  groon  (or  5  h  in  160}  and 
tboo  2  h  In  In  1  ota  oxygw  at  700*C  (34).  (a)  furs  N(  (b)  Ni  0  IX 
Cr  alloy. 


^piwlaiUlf  agaal  ta  tba  M  piU  kaniiry  4U(wUa  MtfruUM) . 
hrttNMrt,  OU  oaaii  m  urUU  tba  l«k  of  ivpgia  ptaMrttlw  “■ — g- 
tba  flla  |NM  aa  'para'  aiabal.  Tte  aaat  liboly  iraaapart  pMl  far  appa 
U  m  0{  fat  aalaaalaa  alaag  (iaaaraa  ahltk  4m!p  aalp  la  Ha  aalk  aa  Ha 

iitraatlp  eai  Ha  aaakaaaao  bp  H1H  Ht*  a<|M  ba  gaaaratai  la 
aaaartalc  (tt.ST). 

Tba  Hawawi  aaibatlaa  raaa  af  Ht  Or-aaatolalag  allap  aaaaat  aaailp 
ba  roaaaailoi  vitb  tba  abaaraatlaa  Hat  Ct-Haplag  lafe_Uu  tba  iiffaaiaa  at 
HI  la  M9  praia  bauaiariaa  (Fig-  *).  If  aa  aaaaaa  that  tbs  Cr  la  tba  imm 
lapar  raaabaa  ita  apalllbrlaa  aagragatiaa  ta  MO  grata  baaaiarlao  aai  that 
tba  grata  alaa  la  abaat  t.l  pa  tbaa  tba  Ct/ti  rati#  la  tba  grata  haaaiariaa 
la  aatlaatai  ta  ba  abaat  i  a  it"1,  abiab  abaali  ba  aaffiaiaat  ta  btaab  tba 
baaaiarlaa.  Havaoar,  Cr  la  aatabla  la  tba  MO  lattica  aai  ita  iiffaaiaa 
aaaff iaiaat  ia  aarp  lav  (%  »  a  l#"1*  —T  a*1  at  700*C,  fro*  rig.  9). 

Mailt  hr  is*  of  Cr  batvaoa  grata  aai  grata  bavaiarp  cwli  tbarafora  taka  aa 
laag  aa  lit  iapa  at  700*C  aaaa  far  0.1  m  graiaa.  Tbaa  tka  iiatribatlaa  af 
Cr  batoraa  graiaa  aai  grata  baaaiary  ia  anbaava  Wtk  ia  tba  iaaar  lapar  af 
aaiietiaa  filaa  aai  ia  tka  iiffaaiaa  aapariaaata.  With  aaab  aaaarfcaiat&aa 
it  ia  aat  faaaibla  ta  aaapara  iiraatlp  tba  iiffaaiaa  aai  aaliatiaa  raaalta. 


Tbara  ia  aaab  oviiaaco  hath  ilrtct  aai  iai  tract',  to  fail  cats  taat 
abort-circait  iiffaaiaa,  partiaalarlp  alaag  grata  haaaiariaa,  ia  aalia  filaa 
kar  a  iaalaaat  iaflaaaaa  aa  aaliatiaa  praaaaaaa  at  iatcraailata  aai  lav 
toapt  raterer . 

Tba  aapariaaata '  4a ta  far  iislaaatiaa  aai  grata  baaaiarp  iiffaaiaa  ara 
aaat  aataaaiva  far  N10.  Tba  iata  aavar  aalf-iif  faaiaa  (Ml  aai  0) ,  lapar  it y 
iiffaaiaa  (Ca.  Cr  aai  Ca)  aai  tba  iaflaaaaa  af  iagaritiaa  (Ca,  T  aai  Cr). 

Tba  iiffaaiaa  iata  ara  itpirtii  bp  tka  raaalta  af  ataaiatic  aiaalatiaaa  af 
grata  haaaiariaa  ia  MO.  Tba  ataaiatlc  calealatiaaa  aaggaat  a  aackaalaa  bp 
higher  Mias;  sstlsa  •!  ss«a  «*U  IjiiihrUi  e  aa  black  ara  In 
baaafiarp  •iiffaaiaa  bp  trappiag  aaaaaa laa.  Dif faaiaa  iata  fat  Cr-iopod  *13 
■appact  tbia  aackaalaa,  hat  tbaaa  far  Ca-  aai  T-4epai  NIO  ia  aat.  This  my 
ka  ba  ta  tba  lack  af  cantral  avar  tka  4 la tr that  Ion  of  iapaat  ta  tka 
iiffaraat  apaclaaaa. 

Lattica  iiffaaiaa  ia  aaaally  foaai  ta  ba  too  alov  bp  aaaaral  oriara  of 
aagpltaia  ta  accaaat  far  H?  rata  af  gravtb  af  alev-gravlag  oalia  filaa. 

Tbia  baa  baaa  taboo  ta  iaiicato  tba  iaaHaaat  iaflaoaea  af  abart-clrcolt 
iiffaaiaa.  la  tba  caao  of  N10  tbo  grata  baaaiary  41f.  loo  aoatMroaaata 
jhav  that  tba  ralaaaat  abart-clrcalt  la  tba  aotaard  ilffaaton  of  N1  along 
N10  grata  baaaia-loa . 

Tba  iaflaaaaa  af  T,  Ca  aai  Cr  oa  tba  rata  of  Ml  oaliatloa  la  .<ot  aloply 
corral  a  ta4  vitb  tba  iaflaotvca  af  tbaaa  iaparittaa  oa  groin  baawiory 
iiffaaiaa  aapcriaaata.  Toio  la  bacoaea  tba  iiatrlbatloa  of  tbo  lapar it loa 
la  loportaat  la  batb  tba  ool-iot ioa  oao  iiffaaiaa  oapariaaota  oo4  la  uaually 
aat  kaooa.  (Partbar  caapllcotlaaa  arlao  fraa  tba  laflaaaca  of  laparltioa  on 
grata  alaa,  aa  vail  aa  ilffaairltp,  aai  tka  for  oat  ion  of  4apUa  flta 
atrvctarao.)  Tba  apataa  Hick  baa  baaa  atailai  aaat  fraa  tba 
aicroa  tract  oral  paiat  af  viav  ia  CaO.-MO.  Mara,  alcraoaalpaia  boa  tbovn 
that  ia  part  af  tka  flla  all  MO  haaaiariaa  contain  Co  at  a  total  which  la 
a^aatai  ta  black  grata  baaaiary  iiffaaiaa  aai  tbo  ox I dot ion  aaportasata  art 
coaalataat  vlth  tbia  kppotbaala.  Tbaa  It  appaars  that  tbo  blocking 
aackaalaa  la  prabahlp  correct ,  bat  that  a  larga  axcaaa  of  tbaaa  ralativaly 
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